In recent years, uncoated airbags have been developed to supersede the popular coated airbags with their inherent drawbacks such as excessive thickness, an inability to be folded and packed into small spaces and degradation over time. Uncoated airbags rely on permeable woven fabrics as their principal material of construction and release gas through the fabric pores. In this regard, the air permeability of airbag fabrics will significantly influence the performance and safety of uncoated airbags. During inflation, low permeability is absolutely necessary for uncoated airbags to deploy promptly to cushion the occupant. However, facial burns due to excessive leakage of hot gas through airbags still occur and so precise control and prediction of the permeability of airbags are essential. 1 The accepted standards for measuring fabric permeability have been shown not to be ideal for airbag fabrics, as they were designed to measure clothing, tent fabric, and parachutes working under relatively low pressure. Therefore, a method, called the blister inflation technique, for measuring the permeability of airbag fabrics has been suggested by Keshavaraj et al. [1, 2] . It is a quasi-steady-state measurement in which a fabric blister is created by a pressure drop across the fabric, and is maintained while data on permeability is recorded. In addition, a permeability tester has been especially made for measuring gas velocity through airbag fabrics over a pressure change from 40 to 60 kPa [5] . The measurement is obtained via a high-speed valve to release gas from a top chamber into a bottom Abstract An approach based on the shock tube experiment is proposed to evaluate the permeability of airbag fabrics. Shock tube experiments were conducted to imitate airbag inflation by fixing an airbag fabric sample near the end of an open driven section. When a plane shock wave impinges the airbag fabric, it will be reflected. Meanwhile, an increase in pressure will form at the front face of the airbag fabric and this will lead to a flow through the fabric, due to the permeable structure of the fabrics. The air permeability of airbag fabrics can therefore be determined by measuring the velocity of the reflected shock wave. It was found that at relatively high pressure the dynamic permeability results from the shock tube experiment were lower than the static results from the conventional permeability testing method. This phenomenon appears to be related to the different influences on the airbag fabric structure of the steady pressurization that occurred in the static experiments and the instantaneous pressurization that occurred in the shock tube experiments.
Key words airbag fabric, permeability, shock tube, shock wave chamber and then across the fabric tested. Partridge et al. studied the abilities of the tester and used it to test the permeability of a series of airbag fabrics [3, 4] .
In this paper, an approach based on the shock tube experiment is proposed to determine the permeability of airbag fabrics. This is because the phenomenon that occurs in a shock tube experiment using airbag fabric is, in comparison with previous studies, more analogous to that which occurs in airbag inflation by some fuel or propellant. Herein the experiments in which a shock tube was used are called dynamic because of their instantaneous occurrence, whereas the experiments that were similar to the blister inflation technique are called static. Static experiments were also conducted in order to compare with the dynamic ones.
Theoretical study
When a plane shock wave propagating with a velocity of U i in the driven section impinges the airbag fabric sample fixed near the end of the shock tube, it will be reflected with a velocity of U r . Meanwhile an increased pressure formed at the front face of the airbag fabric will lead to a flow through the fabric due to the permeable structure of the fabric. It is noted that there is a nonzero gas velocity behind the shock wave reflected from the permeable airbag fabric. The process and notation are illustrated in Fig Referring to the coordinate system moving together with the shock wave, we can obtain the relative gas velocity ν by superimposing the wave velocity -U on the absolute velocity u. Assuming the flow is one-dimensional, steady and with no heat transfer, the governing equations below are applied across the shock wave.
(1)
Based on equations (1)- (3), the parameters of the gas across the incident shock wave can be obtained. The pressure ratio across the incident shock wave is given by (4) the density ratio is (5) the sound speed ratio is (6) and the velocity u 1 of gas behind the incident shock wave is (7) where γ is the ratio of specific heats, and M i is the Mach number of incident shock defined by
Applying the governing equations (1)- (3), the gas parameters across the reflected shock can also be derived as 
Energy equation
where the Mach number of the reflected shock wave M r is defined by M r = (U r + u 1 )/a 1 .
The velocity u 2 of gas behind the reflected shock can be obtained by the relation below (11) From equations (5) and (9), the density ρ 2 of gas behind the reflected shock can be obtained as (12) Now that the velocity and density of gas behind the reflected shock wave are known, the mass flow rate Q m can be finally obtained as (13) From equation (13), it is known that if the initial gas state and Mach number M i of the incident shock are specified, the sound speed a 1 and the gas speed u 1 behind the incident shock wave will be determined by equations (6) and (7), respectively, and therefore the mass flow rate through the airbag fabrics can be determined only by measuring the reflected shock velocity U r .
Experimental
The dynamic experiments were conducted with a doublediaphragm shock tube consisting of a driver section, which was 2.18 m long, a driven section, 4.55 m long and 50 mm in diameter, and a double-diaphragm section 0.23 m long and 40 mm in diameter, between two diaphragms. A piece of airbag fabric was fixed near the end of driven section, which was open to the ambient atmosphere. The fabric completely covered the cross-section of the shock tube. The pressure measurements were performed with three Kistler pressure transducers G 1 G 2 and G 3 . The transducer G 2 was placed in the channel sidewall 175 mm to the left of the airbag fabric tested, G 1 was on the left and at 500 mm away from G 2 and G 3 was mounted 50 mm to the right of the fabric. A schematic diagram of the experimental arrangement is shown in Figure 2 .
Two different airbag fabric samples made from Nylon 66 were tested in the shock tube experiments. Their physical characteristics are given in Table I .
Air was used for both working gas and driver gas. The atmospheric temperature was kept at 22°C and the pressure at 100 kPa in the experiments. By combining two diaphragms and the pressure in the double-diaphragm section of the shock tube, four shocks with different incident Mach numbers were produced. For a specified shock, each kind of fabric sample was tested three times and in every test the sample was renewed. The mean value of the three tests was used as the result.
The static permeability testing apparatus consisted of a pipe with one end covered by the airbag fabric sample and the other end connected to the storage tank of a large compressor via a mass flow meter for measuring flow rates. All pressures were measured using an electrostatic capacitance-type pressure gauge mounted at the upstream side of the airbag fabric sample.
Results and Discussion
The pressure history at the transducers G 1 , G 2 and G 3 were measured for the airbag fabric samples ABF1 and ABF2, respectively at four different incident shocks and the results for the sample ABF1 are illustrated in Figure 3 .
As shown in Figure 3 , the transmitted wave through the airbag fabric was very weak because of the dense structure of the fabric. The reflected shock velocity U r was obtained Figure 2 Schematic diagram of the shock tube experiment. by timing over the distance between the transducers according to the pressure trace. The ratio of U r and a 0 , denoted as U r0 , is plotted against M i in Figure 4 . It can be seen that the reflected shock velocity depends not only on the incident shock velocity but also on the properties of the airbag fabric. For a given incident shock, the reflected shock speed of the airbag fabric ABF1 was lower than that of ABF2, which is made from finer filaments with a higher fabric count. When the reflected shock velocity has been evaluated, the mass flow rate through the airbag fabric samples can be obtained according to equation (13). The results were corrected to STP volumetric flow rate Q with a unit of m 3 /m 2 per second, which can be cancelled out to a velocity with a unit of m/second. It can be seen from Figure 4 that the permeability of the airbag fabric increases as the incident shock velocity increases. The permeability of ABF1 was higher than that of ABF2 for every incident shock velocity.
Static experiments were also conducted for the same airbag fabric samples used in shock tube dynamic experiments in an attempt to determine whether the static permeability and the dynamic permeability differ. The static permeability is frequently represented by a plot of the flow rate versus the pressure driving the flow through the permeable sample tested. In the dynamic shock tube experiments, a plane shock wave impacts the airbag fabric sample and then is reflected. An increased pressure, namely the pressure of the reflected shock wave thus formed at the front face of airbag fabric creates a flow through the sample. Therefore it is reasonable to regard the pressure P 2 of the reflected shock as the driving pressure in the dynamic experiments. Comparisons between the dynamic permeability of the airbag fabrics and the static values are shown in Figure 5 .
The results of the static experiments show that the permeability of the airbag fabric increased nonlinearly as the pressure drop through the fabric increased. Comparisons of the dynamic results and the static ones showed that the dynamic permeability was lower than the static value except at relatively low pressure where both results showed no significant difference. This suggests that this phenomenon is related to the differing influences on the airbag fabric structure of steady pressurization which occurred in the static experiments and instantaneous pressurization which occurred in the shock tube experiments. In the case of static experiments the structure of the airbag fabrics may have changed significantly during pressurization to a steady high pressure, but this change might not have occurred in the dynamic case.
Conclusions
The dynamic permeability of airbag fabrics can be determined by measuring the reflected shock velocity in shock tube experiments as the reflected shock velocity depends on the properties of the airbag fabrics. The dynamic permeability appears to be lower than the static permeability at high pressure, probably due to the different influences on the structure due to the permeable airbag fabrics of steady pressurization in the static experiments and instantaneous pressurization in the dynamic shock tube experiments. Figure 4 Dependence of the reflected shock velocity and the permeability on the incident shock and the airbag fabrics. Figure 5 Comparison of static and dynamic permeability of airbag fabrics.
